The Soret coefficient S T and collective ͑mass͒ diffusion coefficient D c of polystyrene dissolved in the good-solvent toluene has been measured over a range of concentrations and molecular masses with an optical beam-deflection method. Our measurements indicate that S T scales inversely with the polymer translational diffusion coefficient in dilute solutions, exhibits a power-law scaling with polymer concentration, and an independence of polymer molecular mass in semidilute solutions. These findings are consistent with the known scaling of 1/D c in dilute and semidilute polymer solutions, the relative insensitivity of the thermal-diffusion coefficient D th of polystyrene in toluene to polymer concentration, and the relation S T ϭD th /D c from irreversible thermodynamics. We are able to represent our S T and D c data by theoretically motivated reduced-concentration master curves, but the concentration-molecular mass scaling variables are found to be different for each transport property, a result contrary to theoretical expectations. However, the asymptotic concentration scaling exponents deduced from these data fits are compatible with de Gennes' scaling arguments for D c and with modern estimates of the chain-size exponent for swollen polymers in good solvents.
I. INTRODUCTION
The thermodynamic and transport properties of polymer solutions have been studied intensively in the last two decades by applying scaling concepts and renormalizationgroup theory.
1-3 It is conventional to classify polymer solutions into dilute, semidilute, and concentrated solution regimes because of property regularities which arise in these concentration ranges. Scaling and renormalization-group theory are applicable to the dilute and semidilute regimes where polymer concentration fluctuations are appreciable, while lattice mean-field theory becomes applicable at high polymer concentrations where concentration fluctuations are small and chain-packing effects become important. The theory of the equilibrium properties of polymer solutions is well developed and supported by many experiments, 1-3 but the theoretical understanding and experimental investigation of the transport properties of polymer solutions is much less complete.
One of the most extensively studied and basic transport properties is the collective diffusion coefficient D c , 4-8 which describes the rate at which polymer-concentration fluctuations decay. In dilute polymer solutions D c can be expressed through the infinite-dilution Stokes-Einstein relation for single-particle motion D c0 ϭk B T/(6 s R H ) and a virial expansion in concentration:
where k B is Boltzmann's constant, T the temperature, s the viscosity of the solvent, R H the hydrodynamic radius of the polymer, k D the leading virial coefficient of D c , and c the concentration of polymer in g cm Ϫ3 . D c and k D reflect both the thermodynamic and hydrodynamic interparticle interactions.
3, 8 A linear concentration dependence has been observed experimentally for dilute polymer solutions in good solvents where interchain interactions are strong (k D Ͼ0), as well as in theta solvents where the osmotic second virial coefficient vanishes and hydrodynamic interactions predominate 5, 6 (k D Ͻ0). The order of magnitude of the onset of the semidilute regime of polymer solutions is commonly estimated by a geometrical ''overlap concentration'' c*:
where M w is the mass-average molecular mass, 9 N A is Avogadro's number, and R g the radius of gyration of the flexible polymer coil. Alternatively, c* may be defined as the reciprocal of the intrinsic viscosity ͓͔, the leading virial coefficient for the viscosity of the polymer solution. Interchain interactions become appreciable when c/c*ϳO(1), so that leading-order virial expansions, such as Eq. ͑1͒, tend to exhibit deviations from linearity near this concentration.
Experimental observations indicate that D c becomes independent of the molecular mass in semidilute and concentrated solutions and a scaling with polymer concentration is often observed. De Gennes and co-workers 10 have invoked of obtained from renormalization-group, latticeenumeration, and Borel-resummation methods are close to Ϸ10/17Ϸ0.588, corresponding to the more precise scalingmodel estimate x D ϭ10/13Ϸ0.77. Several experimental measurements in the semidilute regime, however, have yielded an exponent x D around 0.65, smaller than the value predicted [11] [12] [13] by the scaling theory. Brown and Nicolai 7 suggested that the exponent x D should become larger for much of the existing data once corrections for ''backflow'' ͑coun-termotion in the solvent induced by the motion of polymer segments͒ are applied to the collective diffusion-coefficient data. Geissler and Hecht 14 have introduced a separate correction involving the change in the translational diffusion coefficient of the solvent in the presence of polymer which leads to an increase in the exponent x D to a value closer to the theoretical value in Eq. ͑3͒. Lodge 15 has recently reviewed the phenomenology of the modification of the solvent dynamics arising from the presence of polymers in solution and has emphasized the importance of the coupling between the solvent and polymer dynamics in properly deducing the concentration dependence of the transport properties of polymer solutions. It is our view that the theoretical foundations of these corrections need further examination and these corrections are avoided in the present paper.
Studies of thermal diffusion in polymer solutions have been relatively few and only a small number of measurements on the Soret coefficient S T have been reported. Meyerhoff and Nachtigall 16 measured the thermal-diffusion coefficient D th ϭS T D c of polystyrene solutions in toluene with an optical diffusion cell, and the concentration differences of the samples were determined by observing the Guoy fringe pattern caused by interference of light passing through the liquid. Their experiments indicated that there is a pronounced molecular-mass dependence of S T and D c in the dilute concentration regime and a tendency for S T to become independent of molecular mass in semidilute polymer solutions. The thermal-diffusion coefficient D th was found to be roughly independent of molecular mass and of concentration for the ranges investigated.
Ecenarro et al. 17 revisited the problem of thermaldiffusion measurements of polystyrene in toluene using a thermogravitational column. Their experiments show a slight decrease of the thermal-diffusion coefficient in the dilute regime with increasing concentration. Köhler et al. 18 recently also measured S T and D c of polystyrene solutions in toluene in the dilute regime using a forced Rayleigh-scattering method. Their measurements are more accurate compared to the previous experiments for polystyrene-toluene solutions. They also confirm that D th is relatively independent of concentration.
In the 1970's Giddings et al. 19 ,20 developed a thermalfield flow-fractionation method and measured the thermaldiffusion factor ␣ T ϭT S T of dilute solutions of polystyrene in eight different solvents. The general dependencies of the thermal-diffusion factor ␣ T on temperature and molecular mass are similar for all the eight solvents. Their results support the conclusion that D th is independent of the molecular mass in the dilute regime. This independence of the thermaldiffusion coefficient on the molecular mass was later rationalized by Brochard and de Gennes 21 as due to the absence of long-range coupling between monomers undergoing thermal diffusion. In a later work, Giddings et al. 20 studied ␣ T for dilute solutions of polystyrenes of different branchedchain architectures ͑linear, star, or comblike͒ and found that D th is independent of the chain topology.
The thermal-diffusion experiments mentioned above are mainly concerned with dilute solutions. We have investigated thermal diffusion in solutions of polystyrene in toluene with an optical beam-deflection method and have measured S T and D c of solutions of seven different molecular masses over a concentration range from dilute to semidilute. Powerlaw exponents describing the concentration and molecular mass dependencies of S T and D c have been determined and S T and D c have both been fitted to a common master curve by using judicious choices of the reducing concentration variables.
In Sec. II we briefly discuss the experimental arrangement, sample preparation, and procedure of data interpretation. Section III presents the measurements of the concentration derivative of the refractive index (dn/dw) T,p and the determination of the temperature derivative of the refractive index (dn/dT) w,p which is needed to interpret the optical beam-deflection signal. Experimental results for S T , D c , and D th are summarized in Sec. IV and a reduction of these data to a master curve describing the concentration and molecular-mass dependence of these properties is given in Sec. V.
II. EXPERIMENTAL ARRANGEMENT AND WORKING EQUATIONS

A. Apparatus
The optical beam-deflection method was first applied by Giglio and Vendramini 22, 23 to polymer solutions and molecular binary liquid mixtures close to a critical mixing point. The method was subsequently improved and used by Kolodner et al. 24 for ethanol-water mixtures. We have developed an optical beam-deflection apparatus 25 that differs substantially from those used by Giglio and Vendramini and by Kolodner et al. The optical cell of our apparatus utilizes a different temperature-control mechanism, a long sample path length, a controlled uniform temperature profile along the liquid layer, and a shorter transient time for establishing a temperature gradient. These features yield a lower uncertainty of the S T measurements and allow for a simultaneous measurement of D c . This optical beam-deflection apparatus has been successfully used for measuring S T and D c in normal liquid mixtures, 25 for which S T is typically two orders smaller than for polymer solutions. Figure 1 shows a schematic representation of the optical beam-deflection experiment. Initially the polystyrene-solution sample, confined between the top and bottom plates, is in a thermal equilibrium state with the two plates having the same temperature and a laser beam passes through the liquid horizontally. A temperature gradient is then imposed onto the polymer solution by changing the temperature of the top plate to a higher value. A temperature gradient and a concentration gradient will build up in the liquid layer following thermal conduction and thermal diffusion, which induce a refractive-index gradient and bending of the laser beam. The collective mass-diffusion coefficient D c can be deduced from the rate of change of the beam deflection and the Soret coefficient S T is determined from the final beam deflection. A more detailed description of the experimental apparatus and of the sample cell can be found in a previous publication. 25 To interpret the beam-deflection signal we also measured the refractive index of the polymer solutions with an Abbé refractometer. The principle of the operation of the Abbé refractometer is discussed in Ref. 26 . The refractive index of a liquid is found by measuring the critical angle of the total reflection of a light beam transmitted through the liquid. We used white light taking its wavelength as equal to the wavelength of sodium light, 5983 Å, for which the Abbé refractometer was calibrated. Our calibration measurements with white light and with sodium light indicate that the difference in the measured refractive indices corresponding to the two sources is smaller than the reading uncertainty of the refractometer and can be neglected. By using the dispersion table associated with the refractometer, the refractive index measured with the white light is then transformed into a value for the refractive index for light with wavelength ϭ6328 Å corresponding to the He-Ne laser used in the optical beam-deflection measurements. In our measurements the temperature of the Abbé refractometer was controlled at Tϭ(25.00Ϯ0.05)°C with water from a Forma circulating bath. The standard uncertainty of the measured refractive index for the polymer solutions is Ϯ2ϫ10 Ϫ4 , limited by the resolution of the refractometer.
B. Samples
The linear polystyrene samples of various molecular masses 9 were purchased from the Tosoh Corporation. 27 The characteristics of the samples are given in Table I with the first four columns of the data from the specifications provided by the manufacturer, the overlap concentration c* calculated from Eq. ͑2͒, and the last column from a commercial test to be discussed below. In our experiments, we employed samples of seven different molecular masses ranging from 2.6ϫ10 3 to 3.8ϫ10 6 g/mol, with the radius of gyration of the samples between 1.3 and 100 nm. All polymer samples were purchased as dry, white, solid material ͑powders or chunks͒ sealed in bottles.
The polydispersity of the samples reported by the manufacturer is narrow, with M w /M n from 1.01 to 1.05, as shown in Table I , where M w is the mass-average molecular mass 9 and M n is the number-average molecular mass. The company provided the following description of their GPC analysis. For each sample, the molecular mass M w and molecular mass distribution M w /M n were estimated at 25°C with a liquid chromatograph ͑HLC-802A͒ and a low-angle laser scattering photometer ͑LS-800͒ on a set of two to four serially connected polystyrene resin columns ͑TSK gel G6000, 4000, 2000 HXL, etc.͒. Tetrahydrofuran ͑THF͒ was used as mobile phase. The average molecular mass was computed from a calibration curve obtained by using a series of TSK standard polystyrene samples.
To obtain an independent polydispersity check we sent five of the seven samples to Polymer Source Inc., Quebec, 28 for a GPC commercial test. The company made elution chromatography at 30°C with a Varian Liquid Chromatograph ͑Varian 9002͒ equipped with a refractive-index detector ͑Varian RI-4͒ and an UV detector ͑Varian 9050͒. Measurements were made on three resin columns ͑TSK get G6000, 4000, 2000 HXL͒ calibrated with monodisperse standards of THF containing a mass fraction of 3% of dried triethylamine as eluent. The THF was distilled over sodium/benzophenone complex and filtered through a 0.5 m pore, polytetrafluoroethylene membrane filter. Polymer Source Inc. suggested that their estimation of the polydispersity shown in Table I could have a relative standard uncertainty of Ϯ5%. Within this uncertainty, their analysis of sample polydispersity agrees with the manufacturer's values for the samples of intermediate molecular mass. For samples of the lowest and the highest molecular mass, the commercial test lies slightly outside the stated relative standard uncertainty, but we note that there was increased noise in the baseline of the commercial tests of these two samples.
The toluene solvent was Fisher certified reagent purchased from Baker Chemical Co. The purity of the toluene is better than 99.8% ͑GC assay by Baker͒ and was used without further purification.
Polymer solutions at a given concentration w (wϭmass fraction͒ were made by mixing polystyrene and toluene by using a digital balance with a resolution of 0.001 g. For solutions of large concentration (wϾ0.03) the relative standard uncertainty of the concentration thus obtained is less than 0.1%. For very dilute solutions (wϽ0.005) we made larger batch samples so that the relative standard uncertainty of the concentration is always less than 1%. The relative standard uncertainty of the calibration of the balance was checked and found to be less than 0.02% for masses of the order of 200 g. We waited at least 2 h for a full dissolution before loading the sample into the optical cell. Syringes were used for loading the sample and for sucking out bubbles through a Teflon™ tube. After loading the sample, we waited for one to two days for the concentration profile of the solution in the cell to relax to equilibrium before starting measurement. For measurements of samples with the same molecular mass at different concentrations, we used a new solution for each concentration and no dilution from previously used solutions was used. When the samples were changed from one molecular mass to another, we cleaned the cell through many cycles with pure toluene before loading to prevent any polydispersity caused by a residual of a previous sample of different molecular mass.
C. Determination of the S T and D c
The basic working equations used for the optical beamdeflection method have been derived in our previous paper. 25 By considering the boundary conditions applicable to our sample cell and treating the liquid layer as a one-dimensional liquid layer, we obtained analytic solutions for the temperature gradient ٌT and concentration gradient ٌw in the liquid layer as a function of time, where w is the polymer concentration in terms of the mass fraction of the polymer. The beam-deflection signal ⌬z is then determined by
where l 1 , l 2 , and l 3 are the path lengths of the polymer solution, the exit window and the air between the exit window and the detector, respectively, n 1 , n 2 , and n 3 are their corresponding refractive indices, (dn/dT) w,p is the temperature derivative, and (dn/dw) T,p is the concentration derivative of the refractive index. For polymer solutions, the Lewis number L, that is, the ratio of the collective diffusion coefficient and the thermal diffusivity is very small, Ϸ10 Ϫ4 . Consequently, the change of the refractive index caused by thermal expansion appears within a few minutes while that caused by thermal diffusion develops over about a day. It is thus a good approximation to replace the temperature gradient term in Eq. ͑4͒ with a constant ٌT measured at the boundary of the sample cell, and the dependence of the beam deflection at the time t depends only on the evolution of the concentration gradient as
where h is the height of the polymer solution layer and where we have assumed that the beam path is set at the middle height of the liquid layer ͑see Ref. 25͒. In practice we need to retain terms only up to mϭ3 in the summation. In Fig. 2 , we present a typical curve of the beam-deflection signal obtained from a polystyrene solution in toluene. As one can see, the refractive-index change caused by thermal expansion appears within a few minutes, while the full development of the thermal-diffusion gradient takes about 10 h. The transient has a smooth exponential curve and finally achieves a steady state with constant concentration gradient. We determined S T from the total beam deflection at the final steady state corresponding to Eq. ͑5͒ in the limit t˜ϱ. Subsequently, we fit the entire curve with Eqs. ͑4͒ and ͑5͒ to obtain D c . Note that before the concentration diffusion starts to manifest itself there is a short period ͑Ϸ10 min͒ where the beam deflection curve is flat ͑Fig. 2 inset͒. We used this plateau feature to determine the temperature derivative of the refractive index as discussed below.
III. MEASUREMENTS OF THE REFRACTIVE-INDEX DERIVATIVES
In order to evaluate the beam-deflection signal with Eqs. ͑4͒ and ͑5͒, we measured the concentration derivative and temperature derivative of the refractive index, (dn/dw) T,p and (dn/dT) w,p , of the polystyrene solutions in the following two ways.
A. Concentration derivatives "dn/dw… T,p
To obtain the concentration derivative (dn/dw) T,p of the refractive index of the polymer solutions, we first measured the refractive index n of the polystyrene solutions in toluene for samples of different molecular masses with an Abbé refractometer 26 at constant temperature and pressure. The measured refractive indices for each molecular mass sample were then fit to a polynomial in the concentration w. We then determined the concentration derivative (dn/dw) T,p by simple differentiation of the polynomials.
The Abbé refractometer was thermostated at Tϭ25°C with circulating water and was calibrated with pure water and pure toluene at atmosphere pressure. The polymer solutions with different concentrations were prepared in separate bottles and no dilution from previous samples was used. In Fig. 3 we present an example of the refractive indices measured for samples of molecular mass M w ϭ96 400 as a function of the mass fraction w. Each point in Fig. 3 represents an average of six measurements with each two measurements from an individual drop of a sample solution. Estimated standard uncertainty of the refractive index is Ϯ2ϫ10
Ϫ4 . The second-order power series fits these data with a rms deviation of 1.5ϫ10
Ϫ4 . The relative standard uncertainties of Ϯ1% in the linear coefficient and Ϯ8% in the quadratic coefficient lead to an estimated relative standard uncertainty for the derived (dn/dw) T,p of no more that Ϯ1.4% for up to the maximum concentration of wϭ0.3 used here. Similar curves were obtained for samples of other molecular masses. The refractive-index data for samples of six different molecular masses overlap at small concentrations and show slight differences at large concentrations. We have fit the refractiveindex data separately for each molecular-mass sample and it turns out that the refractive index depends weakly on the molecular mass of the polymer. In Table II , we summarize the fitting results for the refractive index as a function of the mass fraction w of the polymers. We also present the concentration ranges corresponding to the measurements and the fits for the different molecular mass samples. The weak molecular-mass dependence of the refractive index of polymer solutions, associated with the change of partial specific volume of the polymer, has been observed and discussed by Francois et al. 29 and Candau et al. 30 Note that the refractiveindex function was not measured for the M w ϭ190 000 sample. The refractive-index function for this M w was taken as the simple average of the M w ϭ96 400 and 706 000 index functions in Table II . The concentration derivatives (dn/dw) T,p we used in this paper were obtained through a direct differentiation of the equations in Table II . These derivatives depend on the concentration of the polymer solution with a weak molecular-mass dependence. The relative standard uncertainties shown are estimated based on the maximum change in refractive index produced in the series of measurements and the index difference resolution of 3 Ϫ4 . These uncertainties are large enough to be felt in the uncertainty of the measurements of S T for the highest two molecular-mass samples.
B. Temperature derivative "dn/dT… c,p
The temperature derivative of the refractive index (dn/dT) w,p of the polymer solutions determines the magnitude of the initial fast change of the beam deflection caused by thermal expansion. The temperature derivative of the refractive index can be measured separately with a sensitive interferometric method recently developed in our laboratory. 31 For the polymer solutions we are concerned with here, however, a simpler method can be employed. The mass diffusion coefficient D c of the polystyrene solutions is four orders of magnitude smaller than D th and, hence, the time of the refractive-index change caused by the thermal expansion is fully separated from that caused by the expansion of the solution. Consequently, we observe a short period before concentration diffusion starts significantly, when the beam deflection is almost flat, as can be seen from the curve in Fig. 2 . Calculations with the model equations, Eqs. ͑4͒ and ͑5͒, for polymer solutions yield the same feature. With our optical cell of 2.92 mm height, the flat part of the signal takes about 10-20 min, and within this time we can take the sample as a homogeneous liquid and the temperature derivative (dn/dT) w,p of the polymer solution at a given concentration can be determined. This method yields (dn/dT) w,p with a relative standard uncertainty no greater than Ϯ2%. The relative standard uncertainty in thermal gradient contributes only Ϯ0.7% to the uncertainty in (dn/dT) w,p .
Of course, any signal overshoot will invalidate the measurement of (dn/dT) w,p with this method. 24 An overshoot of the beam deflection could be caused by an inhomogeneity of the temperature along the horizontal liquid layer, or by overheating when Peltier heater devices were used. 24 By controlling the temperature profile along the horizontal liquid layer and by using circulating water for temperature control instead of Peltier devices, we reduced the overshoot of the signal to a negligible level and an initial flat part was obtained for most of the runs.
The resulting values of the temperature derivative (dn/dT) w,p , thus determined from beam-deflection signals at Tϭ25°C, are shown in Fig. 4 . With concentrations up to mass fraction 55% of polymer, the measured temperature derivatives of the refractive index show a linear concentration dependence and no observable molecular-mass dependence. (dn/dT) w,p at zero concentration ͑pure toluene͒ had already been accurately determined to be (Ϫ5.652 Ϯ0.022) K Ϫ1 with the present apparatus. A least-squares fit for the slope, over all the data of different molecular masses with the intercept fixed, yields
with a rms deviation 3ϫ10 Ϫ6 K Ϫ1 , or Ϯ5%. In Fig. 4 the solid line represents the fit to Eq. ͑6͒ and the dashed line the values extrapolated from the measurements of Köhler et al. 18, 32 However, the measurements of Köhler et al. were restricted to concentrations below a mass fraction of 10% of polymer and they are in good agreement with our measurements within the combined experimental standard uncertainties.
IV. MEASUREMENTS OF S T AND D c
In this section, we first present the experimental results for S T and D c with a brief discussion of the relation between these properties. We then take the product of the two measured properties to obtain D th . It appears that measurements of S T and D th for polymer solutions in the semidilute regime have not been reported previously.
A. Soret coefficient S T
We determined S T of the polystyrene solutions in toluene from the beam deflection at the final steady state using Eqs. ͑4͒ and ͑5͒. The values of S T measured at Tϭ25°C for polymer samples of seven different molecular masses are presented in Table III as a function of both the mass concentration w and the concentration c. The mass concentration w is the measurement variable and is used in calculating S T from the working equations. The concentration c is calculated as cϭw and is used in the data analysis given below, where is the density of the polymer solutions. We used density data of Scholte 33 for all the samples of different molecular masses, with the assumption that the density is approximately independent of molecular mass. The measured S T is plotted in Fig. 5 as a function . The symbols for different molecular weights are: M w ϭ2630 ͑͒; 9100 ͑छ͒; 37 900 ͑ࡗ͒; 96 400 ͑᭝͒; 190 000 ͑᭡͒; 706 000 ͑᭺͒; 3 840 000 ͑ᮀ͒. measured S T was observed. The relative standard uncertainty of our measurements at most concentrations is less than Ϯ2% except at very dilute solutions where the relative standard uncertainty increases to Ϯ3%. The additional relative standard uncertainty for S T due to the uncertainty of the (dn/dw) T,p listed in Table II is not included in Table III or As the concentration increases, S T becomes independent of the molecular mass and depends only on the concentration; it is well approximated by a power-law
A graphical fit of Eq. ͑7͒ as an asymptote to the measured data yields an apparent exponent x T ϭ0.73Ϯ0.03. Although the apparent value of the exponent x T should reflect the limited concentration range considered, the exponent value obtained is reasonably close to the value x D ϭ0.77 predicted for the collective diffusion coefficient from Eq. ͑3͒. Below we shall fit our data to a more general crossover expression which is consistent with the theoretically expected exponent so that the somewhat lower effective exponent can be rationalized as a crossover effect. In the dilute regime the measured S T depends strongly on the molecular mass and decreases linearly as a function of concentration for each molecular mass. To describe the concentration dependence of S T in the dilute regime we extrapolate the measured data to zero concentration and fit the data with the following virial expansion: Table II is not included here.
where k S is the leading virial coefficient of S T , and S T0 is the infinite-dilution Soret coefficient. The results for S T0 and for the virial coefficient k S are presented in Table IV , with a relative standard uncertainty of Ϯ1% to Ϯ7% for S T0 and Ϯ9% to Ϯ30% for k S . The molecular-mass dependence of S T0 is plotted in Fig. 6 and our data are described by the power-law:
with amplitude b S ϭ(8.2Ϯ1.5)ϫ10 Ϫ4 (K Ϫ1 ) and exponent S ϭ0.48Ϯ0.02. The uncertainties here are one standard uncertainty and are the estimates from the Marquardt leastsquares fitting algorithm, which assumes uncorrelated uncertainties in the fitting parameters. We note that S is slightly smaller than the corresponding exponent D ϭ0.53Ϯ0.02 for the infinite-dilution diffusion coefficient exponent estimated in the next section, but the range of previous measurements of the diffusion coefficient exponent overlaps with the range for S so it not clear if this discrepancy is statistically significant. In Fig. 6 , we also present results extrapolated from the measurements of Köhler et al. 18 The virial coefficient k S for the dilute concentration regime also exhibits a power-law dependence on the molecular mass as shown in Fig. 7 and can be fitted to the power-law
Our data yield an amplitude b kS ϭ(1.18Ϯ0.6)ϫ10
Ϫ2
(cm 3 g Ϫ1 ) and an exponent a S ϭ0.61Ϯ0.04. The standard uncertainties here are the estimates from the Marquardt leastsquares fitting algorithm. This exponent can be compared with the exponent 0.74 for the molecular-mass dependence of the intrinsic viscosity ͓͔ of polystyrene in toluene at 25°C and the exponent 0.78-0.79 for the molecular dependence of A 2 M w at 25°C, where A 2 is the second virial coefficient. 34, 35 These scaling relations are helpful in identifying the most suitable reducing concentration variables for S T in the absence of a complete theory of the concentration dependence of the transport properties of polymer solutions.
B. Collective diffusion coefficient D c
From the same beam-deflection measurements described above we can also obtain D c . The diffusion coefficients determined with Eqs. ͑4͒ and ͑5͒ for samples of seven different molecular masses at mean temperature of 25°C are presented in Table III , and are plotted as a function of the concentration c in Fig. 8 . The general features of the concentration dependence of the diffusion coefficient are in agreement with those obtained by previous investigators from light scattering. 12, 13 Our experiments with an optical-beam deflection method, however, yield a smaller uncertainty for the measured D c and thus a smaller uncertainty in the exponent value discussed below. The maximum spread of the measured D c of different runs is Ϯ4%, which characterizes the Table IV . Relative standard uncertainty is estimated to be from Ϯ3% to Ϯ29% from fitting to the linear form, Eq. ͑8͒. The solid line represents the power-law fit to our data, Eq. ͑10͒, with an amplitude (1.16 Ϯ0.6)ϫ10 Ϫ2 (cm Ϫ3 g) and an exponent a S ϭ0.61Ϯ0.04. Table II. relative standard uncertainty of the measured D c . The relative standard uncertainty of the mean D c is usually less than Ϯ2%.
In the semidilute region, D c shows asymptotic powerlaw dependence as expressed by Eq. ͑3͒. The concentration exponent we obtained by graphical estimation from the measured data is x D ϭ0.65Ϯ0.02, in agreement with results reported by several authors. [11] [12] [13] The relative standard uncertainty estimate here is the range of exponents which would give a graphically acceptable asymptote. Brown and Nicolai 7 suggested that much of the existing D c data ͑where corrections to experimental data have not been made͒ for flexible polymers could be fitted to an exponent 0.70 which is close to the theoretical prediction Eq. ͑3͒ if a correction for the ''backflow'' effect is employed. Since the identification of the collective friction coefficient with a translational friction coefficient on which this correction is based seems debatable, we have avoided introducing such a correction here. The alternative correction by Geissler and Hecht 14 seems reasonable, but requires data for the translational diffusion coefficient of toluene in the polystyrene/toluene solutions at the D c measurement temperature. Such data are unavailable for the temperature and molecular masses used in our experiment.
In the dilute regime, D c can be described by the virial expansion, Eq. ͑1͒. By fitting the data at each molecular mass to Eq. ͑1͒ we obtain the infinite-dilution diffusion coefficient D c0 and the leading virial coefficient k D . The results are presented in Table V with a standard deviation of Ϯ2% to Ϯ28% for the two coefficients. D c0 is plotted in Fig. 9 against the molecular mass of polystyrene and compared with the values extrapolated from Köhler et al. 18 A powerlaw fit to our data yields
with an amplitude of b D ϭ(2.19Ϯ0.29)ϫ10 3 (cm 2 s Ϫ1 ) and an exponent D ϭ0.53Ϯ0.02. The standard uncertainties here are the estimated by the Marquardt least-squares fitting algorithm. The exponent value is in agreement with the earlier measurement 36 of D for polystyrene in the good solvent benzene, D ϭ0.55Ϯ0.02. The molecular-mass dependence of the linear coefficient k D is shown in Fig. 10 and can be represented by the power-law:
The fitted amplitude is b kD ϭ(4.2Ϯ1.2)ϫ10 Ϫ4 (cm 3 g Ϫ1 ) and the fitted exponent is a D ϭ0.93Ϯ0.06. This exponent value may be compared to the literature values 12,37-39 which exhibit a disturbingly large range from 0.44 to 1.1. The standard uncertainties here are the estimates from the Marquardt least-squares fitting algorithm. Several points in Figs. 6, 7, 9, and 10 lie off the powerlaw fit by more than their estimated standard uncertainty. We believe this is due to having insufficient data points at low concentrations to reach accurate fitted linear virials such as Eqs. ͑8͒ and ͑1͒. This is particularly evident at the M w ϭ96 400 point in Fig. 7 . This molecular mass had a large number of concentration points measured including two concentrations below 0.005 g/cm 3 . The result is a higher slope, k S , but which does not appear to agree with the other measurements.
C. Thermal-diffusion coefficient D th
With the measured S T and D c we can determine the thermal-diffusion coefficient, D th ϭS T D c . The D th thus obtained are shown in Fig. 11 on a log-log scale ͑top͒ and on a linear-log scale ͑bottom͒. In the dilute regime, D th is independent of concentration within the relative standard uncertainty of around Ϯ3%. In the semidilute regime, however, the data show a weak but observable concentration dependence, as determined by the difference of the fitted apparent exponents for S T 18 showed that D th at that concentration to be close to 1.1 cm 2 s Ϫ1 K Ϫ1 . Our experimental results in the entire dilute regime are independent of the concentration and agree with those of Köhler et al. 18 within our experimental relative standard uncertainties of 2%-4%. The thermal-diffusion coefficient of polymer solutions in the semidilute region, however, has not been reported previously in the literature to our knowledge.
Giddings et al. 19, 20 have measured D th of polystyrene solutions in toluene in the limit of infinitely dilute concentration by using a thermal-field flow-fractionation technique.
Their experimental values for D th are independent of the molecular mass and of the chain topology of the polystyrene molecules. Within the combined experimental relative standard uncertainties of the two experiments of Ϯ7%, our dilute solution measurements agree with the measurements of Giddings et al. 19 Furthermore, our data show that D th is also insensitive to the molecular mass in both the dilute and semidilute regimes. Brochard and de Gennes rationalized the independence of D th from the molecular mass as due to a lack of long-range correlation between monomers. 21 More theoretical work is desirable to understand the concentration as well as the molecular-mass dependence of D th in the semidilute regime.
D. Effect of polydispersity on S T , D c , and D th
As can be seen from Table I , the polystyrene samples used in our experiments to measure S T and D c have a polydispersity varying from 1% to 5%. Hence, the question arises to what extent these deviations from monodispersity may affect the values obtained for S T and D c . We note that the thermal diffusion coefficient D th is essentially independent of molecular mass and that the coefficients S T and D c become insensitive to molecular mass at semidilute and higher concentrations. Thus, the largest effect of any polydispersity should arise in measurements of S T and D c obtained in the dilute solution regime. We expect that the polydispersity effects in our thermal-gradient measurements will be similar to those in forced Rayleigh scattering measurements, where the concentration gradients are induced by a sinusoidal temperature pattern. Hence the polydispersity corrections derived by Rossmanith and Köhler 40 for forced Rayleigh measurements in dilute polymer solutions provide an estimate of the effect of polydispersity on our measurements as well. These cor- rections should be an upper bound to the effect of polydispersity for any concentration. Given the molecular mass scaling laws for S T and D c in the dilute limit, Eqs. ͑9͒ and ͑10͒, respectively, the ratio of mass weighted to number weighted properties are given to lowest order by
where the subscripts w and n refer to mass and number averaging and the constants S and D are the mass scaling exponents for S T and D c . For values of M w /M n ranging from 1.01 to 1.05 ͑see Table I͒ we then calculate an apparent shift in S T ranging from Ϫ0.5% to Ϫ2.4% from a number averaged S T and a shift ranging from ϩ0.5% to ϩ2.6% in the apparent value of D c . These effects are within the estimated relative standard uncertainties of our experimental data and no polydispersity corrections have been applied to the experimental values presented in Tables III-V.
V. MASTER CURVE DESCRIBING THE CONCENTRATION DEPENDENCE OF S T AND D C
In recent years there have been efforts to describe the static and dynamic properties of polymer solutions by using scaling and renormalization-group ͑RG͒ methods 1,2, [41] [42] [43] [44] [45] [46] similar to those successfully employed to describe critical phenomena. These efforts have been motivated by the success of scaling arguments to describe static polymer-solution properties such as the inverse of the osmotic compressibility (d⌸/dc) T,p and the static correlation length S . For these static properties, it was found 7, 12, 47 from RG theory that the reduced concentration X S is related to the osmotic virial coefficient A 2 , by the equation X S ϭ(16/9)A 2 M w c and measurements of scaling curves for these properties corresponded rather well to theoretical expectations. 7 The situation for dynamic properties is less satisfactory, however. The RG calculations of Shiwa et al. 43, 44 indicate that X S is the reduced concentration variable for D c and that k D ϭ0 at the theta point where the osmotic second virial coefficient vanishes ͓A 2 (Tϭ)ϭ0͔. Wiltzius et al. 12 have shown, however, that X S is not a reducing variable for D c , at least for polystyrene in various solvents, and it is well known that k D is quite negative at the theta point. Table III by using the  results from Table V and have done a Marquardt leastsquares fit for the proportionality constant r D . The resulting scaling is shown in Fig. 12 . The proportionality constant is found to be r D ϭ0.46Ϯ0.02 with the resulting coefficient A D ϭ2.7Ϯ0.1. This scaling seems to work within the experimental relative standard uncertainties for all but the M w ϭ37 900 data, which show ͑Fig. 10͒ a deviation outside the relative standard uncertainty estimate from the power-law line.
The same argument with the reducing concentration variable X S ϭr S (k S c) yields a reduction of our Soretcoefficient data of the same form:
with A S ϭAϩr S Ϫ1 as demonstrated in Fig. 13 . Note that we are using the same exponents A and B in Eqs. ͑15͒ and ͑16͒. For Fig. 13 it was necessary to use the fitted Eq. ͑10͒ to calculate k S , because of the relatively large deviations of k S from the expected form ͑see Fig. 7͒ . We find r S ϭ3.6Ϯ0.2 with a resulting coefficient A S ϭ0.83Ϯ0.05. Since the molecular-mass dependence of k S is very similar to that found for ͓͔ and A 2 M w , we would expect that replacing A 2 M w by k S should lead to a good reduction.
The concentration exponents x D and x T implied by Eqs. ͑15͒ and ͑16͒ for large X D and X S are x D ϭx T ϭ0.77 in agreement with the theoretical estimate of this exponent x D ϭx T ϭ/(3Ϫ1) as mentioned in Sec. I. The simple approximants of Eqs. ͑15͒ and ͑16͒ have the scaling-theory limit of Eq. ͑3͒ built into them by construction. Since our measured S T and D c data are consistent with these expressions, the apparent values of the concentration exponents x D and x T discussed in previous sections are consistent with the existence of a broad concentration crossover regime where the apparent exponents are smaller than their asymptotic values.
It seems theoretically unclear to us why the molecularmass dependence of the reduced concentration variable k D c for D c should deviate so strongly from the expectations of RG theory, 45 while the molecular-mass dependence of the reduced concentration variable k S c for S T accords rather well with the expected mass scaling. Stated otherwise, k S c is approximately proportional to X S ͑see the discussion above͒, but k D c is not proportional to X S as predicted by RG theory calculations for polymers in good solvents. 45 Further RG calculations of the excluded volume dependence of k D might clarify this discrepancy.
VI. CONCLUSION
By using an optical beam-deflection method with the apparatus recently developed in our laboratory we have measured the Soret coefficient S T and the collective diffusion coefficient D c of solutions of linear polystyrene in the goodsolvent toluene in the dilute and semidilute concentration regimes and over a large range of molecular masses. From fitting the experimental data, we obtained a set of power-law exponents characterizing the infinite-dilution values of S T and D c and their leading virial coefficients, k S and k D . In the semidilute regime, the measured S T exhibit power-law scaling with polymer concentration and are found to be independent of the molecular mass of the polymer. The measured S T and D c as a function of concentration and molecular mass can be well fitted by an interpolation function suggested by Shiwa, 45 where the reduced concentration variable is defined phenomenologically in terms of the leading concentration virial coefficient for that property. Our observations invite further theoretical studies to explain these striking experimental regularities.
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